INTRODUCTION {#s1}
============

The monocyte-macrophage system display at least two distinct phenotypes of differentiation being pro-inflammatory (M1) or anti-inflammatory (M2) \[[@R1]--[@R3]\]. The M1 monocytes/macrophages have phagocytic and antigen-presenting activity, produce Th-1 activating cytokines, and induce cytotoxic effects \[[@R1]--[@R3]\]. M1 macrophages can also activate other cells of the immune system, such as natural killer (NK) and T lymphocytes. The M2 macrophages/monocytes, on the other hand, are thought to induce tumor-supporting, angiogenic and immunosuppressive effects and are the dominant myeloid phenotype infiltrating solid tumours \[[@R1]--[@R3]\]. New drugs that can repolarize tumor associated M2 macrophages to the tumor suppressive M1 phenotype would be of great importance, especially for tumours with high numbers of myeloid cells but few T-cells (so called "cold" tumours). This type of drugs could also be a useful complement as sensitisers to other immunotherapies such as checkpoint inhibitors.

Mebendazole (MBZ) is clinically used to treat various forms of helminthic diseases but has also been reported to demonstrate anticancer activity in models both *in vitro* and *in vivo* \[[@R4]--[@R14]\]. MBZ has also produced objective tumour responses in therapy-resistant cancer patients in the clinical setting \[[@R15], [@R16]\]. The anticancer properties of MBZ has long been attributed to its ability to target and inhibit tubulin polymerization \[[@R6], [@R7]\]. However, other directly tumour cell related mechanisms, including protein kinase inhibition \[[@R10]\], anti-angiogenesis \[[@R9], [@R12]\], pro-apoptotic activity \[[@R5], [@R11]\], and inhibition of the Hedgehog pathway \[[@R17]\] have been proposed.

Recently, we demonstrated that MBZ induce a pro-inflammatory tumour-suppressive M1 phenotype in THP-1 monocytes and macrophages. MBZ-induced IL1β release was found to be dependent on NLRP3 inflammasome activation and to involve toll-like receptor 8 (TLR8) stimulation \[[@R18]\].

In the present study we investigated further the immune modulating properties and anticancer properties of MBZ in PBMCs co-cultured with normal and/or tumour cells. We demonstrate that MBZ at clinically achievable concentration potentiated the anticancer activity of CD3/IL2 activated PBMCs and that this effect was attenuated by removal of CD14 positive cells.

RESULTS AND DISCUSSION {#s2}
======================

To further explore the immunomodulating properties of MBZ we took advantage of the Biomap platform (DiscoverX). In this assay system tumour cells (HT29) and SAg activated PBMCs are co-cultured with either primary human fibroblasts (Stro model) or HUVEC (Vasc model) cells. MBZ at concentrations between 0.3 and 10 μM significantly increased the levels of Granzyme B (Figure [1a](#F1){ref-type="fig"}), TNFα and IFNγ (Figure [1a, 1b](#F1){ref-type="fig"}) with a concomitant decrease in VEGF (Figure [1a](#F1){ref-type="fig"}) and SRB (Figure [1a, 1b](#F1){ref-type="fig"}). These results exceeded the 95% confidence interval of DMSO treated controls. The SRB decrease is probably due to inhibition of tumour cell growth since in MBZ treated co-cultures with fibroblasts and activated PBMC alone SRB was not decreased ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). Also, levels of VCAM-1, Collagen III, IL6 and tPA (Figure [1a](#F1){ref-type="fig"}) and CD87/uPAR and CXCL10/IP-10 (Figure [1b](#F1){ref-type="fig"}) were significantly reduced from control for most MBZ concentrations tested. The Biomap platform has been shown to deliver robust profiling of drugs from different classes with respect to both toxicity and mechanism of action \[[@R19]\].

![Biomap profiles of MBZ, tested at multiple concentrations in 2 BioMAP systems, HT29 Vasc **(a)** and HT29 Stro **(b)**. The biomarker readouts measured (see Methods) are indicated along the x-axis. The y-axis shows the log10 expression ratios of the readout level measurements relative to solvent (DMSO buffer) controls.](oncotarget-09-30805-g001){#F1}

To verify and complement these data we tested the activity of MBZ on clustering and proliferation of PBMCs activated through the CD3 molecule of the T-cell receptor complex. This test was performed at a clinically relevant concentration of 1 μM \[[@R20]\]. MBZ showed no increased clustering in unexposed PBMC (Figure [2a, 2b, 2d](#F2){ref-type="fig"}) but clearly increased clustering was noted in CD3/IL2 activated PBMCs (Figure [2c, 2d](#F2){ref-type="fig"}). The image based clustering assay is a simple assay to monitor immune cell activation. During an immune response, activated cells of the immune system, such as T-cells, undergo rapid expansion and many interactions also occur between activated immune cells (e.g., T cell interactions with antigen-presenting cells and interactions between T cells themselves). These dynamic changes in cell-cell interactions can easily be captured by the Incucyte clustering assay.

![Clustering of PBMC cultures in response to anti-CD3/IL2 and MBZ\
Photomicrographs shows the effect of CD3/IL2 (0.5/2.5 μM) alone **(a)** together with 1 μM MBZ **(b)** in comparison with a DMSO exposed control **(c)** on clustering assessed in the Incucyte Zoom. An orange mask was added to visualise the the criteria used by the Incucyte to define the clusters. In **(d)** the kinetics of clustering over time is shown. The experiment was repeated at least 3 times with similar results.](oncotarget-09-30805-g002){#F2}

Next we tested the ability of MBZ to induce cytokine release from PBMC cultures. Again, MBZ at 1-10 μM had little or no effect on cytokine release from non-activated PBMCs (Figure [3a](#F3){ref-type="fig"}) but stimulated the release of several pro-inflammatory cytokines including TNFα, IL1β, IFNγ, IL6 from PBMCs activated by IL2 and anti-CD3 stimulation (Figure [3b](#F3){ref-type="fig"}). This has clear resemblance with our previous study in which MBZ at low concentrations require priming with LPS to stimulate pro-inflammatory cytokine (primarily IL1β) release in the THP-1 model \[[@R18]\]. IL1β secretion is suggested to require two signals. The first is provided by toll-like-receptor-mediated NF-kappaB activation whereas the second can be mediated by danger signals such as stimulation of ATP receptors or other stimuli including elevated ROS production or perturbation of lysosome integrity. In our previous study it was demonstrated that high dose MBZ (\>3 μM) activated both signals whereas low concentrations (1 μM) only could activate the second one \[[@R18]\].

![Cytokine release from PBMCs in response to 24 h exposure to the indicated concentrations of MBZ relative to DMSO control\
The effect of increasing concentrations of MBZ on unexposed PBMCs **(a)** or those exposed to anti-CD3/IL2 **(b)** is shown using a multiplex kit from R&D. Results are presented as % over DMSO (0.1%) control. A value of zero includes data where both DMSO and MBZ treatment did not reach the lowest concentration of the standard curves. The experiment was repeated three times with similar results.](oncotarget-09-30805-g003){#F3}

Finally, we tested the ability of MBZ to impact on immune cell killing in co-cultures of PBMCs with tumour cells (A549, Figure [4a-4f](#F4){ref-type="fig"}). Again, in CD3/IL2 stimulated cells, MBZ (1 μM) potentiated both tumour cell reduction (Figure [4a, 4d, 4f](#F4){ref-type="fig"}) and tumour cell apoptosis (Figure [4b, 4d, 4f](#F4){ref-type="fig"}) whereas no apparent effect was observed in non-stimulated cultures (Figure [4a, 4b, 4c, 4e](#F4){ref-type="fig"}). Statistical analysis of the differences between groups are shown in Table [1](#T1){ref-type="table"} (Paired t-tests n=10). Very similar results were observed in response to MBZ at 10 μM ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}) Corresponding statistical analysis for MBZ 10 μM is shown in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. Moreover, the effect seemed to be dependent on the presence of monocytes and macrophages since removal of CD14 expressing cells diminished the anti-tumour activity of MBZ (Figure [5a, 5b](#F5){ref-type="fig"}, Table [1](#T1){ref-type="table"}, n=3). This was also evident when measuring cytokine release. In CD14 depleted PBMC cultures MBZ induced a diminished release of IL1β, TNFα and IL6 compared to intact PBMC cultures (Figure [5c, 5d](#F5){ref-type="fig"}) Removal of CD56+ cells had no effect whereas a modest attenuation of MBZ+CD3/IL2 anti-tumor activity was observed after depleting CD8+ cells ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"}). These results are in accordance with the hypothesis that MBZ acts via monocyte/macrophage activation and polarization towards the M1 phenotype \[[@R18]\].

![Co-culture of PBMCs and red fluorescence-labeled A549 lung cancer cells in medium containing caspase 3/7 probe (Cas3/7)\
The kinetics of changes in A549 cell survival (red object count) and apoptosis (green object count, cas3/7 positive cells) in response to anti-CD3/IL2 and MBZ is presented in panel **(a** and **b)**, respectively. Representative photomicrographs for the different incubations after 1 week are shown in **(c-f)**, as indicated. The difference in red object count measured as AUC between the MBZ+CD3/IL2 treatment group vs all other groups including MBZ without PBMC (see Table [1](#T1){ref-type="table"}). This was also the case when comparing AUC of green object counts (caspase positive cells).](oncotarget-09-30805-g004){#F4}

###### Statistical analysis of the differences in AUC between groups (MBZ 1 μM)

  Object (AUC)   Comparison                                      Mean Difference   P-value   N    PVS^1^
  -------------- ----------------------------------------------- ----------------- --------- ---- ----------
  **Red**        DMSO+PBMC CD3/IL2 vs. MBZ+PBMC CD3/IL2          28934             0.0003    10   ^\*\*\*^
  **Red**        MBZ+PBMC vs. MBZ+PBMC CD3/IL2                   5196              0.0028    10   ^\*\*^
  **Red**        MBZ vs. MBZ+PBMC CD3/IL2                        5565              0.0007    10   ^\*\*\*^
  **Green**      DMSO+PBMC CD3/IL2 vs. MBZ+PBMC CD3/IL2          1967              0.0065    10   ^\*\*^
  **Green**      MBZ+PBMC vs. MBZ+PBMC CD3/IL2                   4472              0.0050    10   ^\*\*^
  **Green**      MBZ vs. MBZ+PBMC CD3/IL2                        4957              0.0022    10   ^\*\*^
  **Red**        MBZ+PBMC CD3/IL2 vs. MBZ+PBMC (−CD14) CD3/IL2   93.67             0.0006    3    ^\*\*\*^

Data was analysed by two-tailed paired t test using Graphpad Prism. ^1^P value summary.

![Effect of depletion of CD14+ cells on MBZ induced potentiation of anti-CD3/IL2 induced PBMC mediated inhibition of A549 tumor cell survival and cytokine release\
In upper panels the effect of intact non-depleted PBMC **(a)** and PBMCs depleted of CD14 cells **(b)** on A549 cell proliferation (red object count) is shown over time. Panel **(c** and **d)** shows the cytokine release for the corresponding PBMC cultures after 24 h of incubation. Statistical analysis is shown in Table [1](#T1){ref-type="table"}.](oncotarget-09-30805-g005){#F5}

The exact mechanism for this potentiation is not clear but likely involves MBZ induced cytokine release (TNFα, TRAIL) by monocytes/macrophages \[[@R21]\] and/or indirect stimulation of immune cell interactions leading to enhanced T-cell or NK cell mediated anti-tumour responses \[[@R22]\]. However, a contribution from MBZ induced tubulin inhibition cannot be excluded. Indeed, several tubulin inhibitors have been reported to stimulate immune responses in dendritic cells \[[@R23]\]. For example, vinblastine, a prototypic drug of this class, induced the production of IL1β, IL6, and IL12, increased surface expression of CD40, CD80, CD86, and augmented T cell--stimulatory capacity of DCs \[[@R23], [@R24]\]. On the other hand, it was previously shown that MBZ, but not other tubulin inhibitors, could induce cytokine release in monocytic models \[[@R18], [@R25]\]. Neverheless, the exact role of tubulin interactions in mediating MBZ induced tumour suppression in the co-culture system remains to be elucidated and the mechanism may be multifactorial.

Taken together, our data indicates that MBZ could be an interesting drug candidate to modulate the myeloid cell linage in cancer patients aiming to support anti-tumour immunity via T-cell activation.

MATERIALS AND METHODS {#s3}
=====================

*In vitro* models and cell culture {#s3_1}
----------------------------------

The human A549NucLightRed Cell line (Essen Bioscience cat \# 4491) (Essen Bioscience, Ann Arbor, MI, USA) was cultured in Ham\'s F-12 Nutrient Mix, GlutaMAX Supplement, (Gibco cat \# 31765-027) (ThermoFisher Scientific, Waltham, MA, USA), supplemented with 10% heat-inactivated fetal bovine serum (Sigma F9665) (Sigma-Aldrich, Munich, Germany), 100 g/mL streptomycin, 100 U/mL penicillin (Sigma P0781) and 0,5 g/mL Puromycin (Sigma P9620). The cell line was kept at 37°C in a humidified incubator supplied by 5% CO~2~. The cell line was splitted twice a week and kept for a maximum of 20 passages. Morphology and growth of cells were monitored on a weekly basis. Peripheral blood mononuclear cells (PBMC) from healthy donors were isolated by Ficoll Histopaque (Sigma) density gradient centrifugation. In some experiments CD14 expressing cells were removed from the PBMC preparation. CD14+ monocytes were removed by positive selection using CD14 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) on an AutoMACS Pro Separator (Miltenyi Biotec). The purity of the eluted monocyte preparations was assessed by flow cytometry using a Navios Flow Cytometer (Beckman Coulter, Indianapolis, IN, USA).

Materials {#s3_2}
---------

MBZ was purchased from Sigma. The compound was kept as 10 mM stock solutions in dimethyl sulphoxide (DMSO, Sigma) and further diluted with culture medium (Sigma or ATCC) as needed. Anti-human CD3 was purchased from Affymetrix (Santa Clara, CA, USA) and IL-2 was purchased from Peprotech (Rocky Hill, NJ, USA). All other reagents used were obtained from Sigma.

Biomap analysis {#s3_3}
---------------

To determine the activity of MBZ in a complex primary culture human cell systems, we tested the compound at 0.3, 1, 3 and 10 μM in the BioMAP Oncology and Immune Oncology PanelsSystems (DiscoverX, CA, USA). These systems consist of complex co-cultures of PBMCs pooled from healthy donors with early passage human primary fibroblasts or endothelial cells, with or without a tumor cell line and are stimulated to recapitulate and model tumor-immune-stromal (StroHT29), or tumour-immune-vascular (VascHT29) microenvironments. The StroHT29 consists of primary fibroblasts co-cultured with the adenocarcinoma cell line HT-29 and human PBMCs stimulated via the T-cell receptor by SAg (superantigen) for 48 h. The VascHT29 system is identical except for primary human umbilical vein endothelial cells (HUVEC) replacing the fibroblasts.

Compounds were prepared in DMSO (final concentration 0.1-0.2%), added 1 h before stimulation of the cells, and were present during the entire 48 h stimulation period. The effects of test compound on the levels of various biomarkers including cytokines or growth factors, expression of surface molecules, and cell proliferation were subsequently measured. The levels of protein biomarkers were measured by ELISA. Proliferation of PBMC (T cells) was quantified by Alamar blue reduction and proliferation of adherent cell types was quantified by Sulforhodamine B (SRB) assay. Measurement values for each biomarker readout in an exposed sample were divided by the mean value from multiple DMSO control samples to generate a ratio. All ratios were then log10 transformed in the results presentation. Technical details on the Biomap analysis has been published elsewhere \[[@R19], [@R26]--[@R27]\].

PBMC (T-cell) clustering {#s3_4}
------------------------

Label-free detection of T cell aggregation was performed using the IncuCyte Zoom (Essen Bioscience). Activation of PBMCs with anti-CD3 antibody and IL-2 induces T cell aggregation or "clustering". Peripheral blood mononuclear cells (PBMC) from healthy donors were isolated by Ficoll Histopaque (Sigma) density gradient centrifugation and stored in aliquots of 30 million cells in −150°C, in FBS supplemented with 10% DMSO. For the experiment PBMC were thawed and diluted in medium RPMI-1640 (Sigma). CD-3 antibody, human IL-2 or medium were added to a 96 well flatbottom plate (50 L per well) to reach a final assay concentration of 0.5 (CD3) and 2.5 (IL-2) M. Drugs were transferred by Echo550 (Labcyte, San Jose, Ca, USA) to a separate empty 96-well flatbottom plate to which PBMCs are added in 200 L medium per well. PBMCs (25 000 cells per well) and drugs were subsequently added to the reagent containing plate to a final volume of 150 L. The plate was then placed in the IncuCyte Zoom and taking phase contrast every 2 hours. Clustering was quantified in the IncuCyte using the on-board software which enables accurate quantification of cell clustering over time (orange mask).

Measurement of cytokines {#s3_5}
------------------------

The supernatant content of cytokines were measured using the Luminex/MAGPIX system and commercially available kits for various analytes (Biorad, Hercules, CA, USA; R&D, Minneapolis, MN, USA; Millipore, Burlington, MA, USA). The assay is based on binding of the target of interest via antibodies to magnetic beads. The target is detected using biotinylated antibodies with a fluorescent reporter. The assays were performed according to the manufacturer instructions. Briefly, for the cytokine assay, the supernatant samples were incubated first with beads, then with detection antibody and finally with streptavidin-PE. The fluorescence was measured using the MagPix instrument (BioRad) and the concentration levels were calculated by fitting a standard curve.

Measurement of PBMC induced tumour cell killing {#s3_6}
-----------------------------------------------

A549NucLightRed (2500 cells per well, 100L) were seeded in a 96 well plate ( Nunc \#167008) and placed in an IncucyteZoom (Essen Bioscience) for monitoring phase contrast, red and green fluorescence, taking 4 images of each well at 2-4 hour intervals. After 24 hours or when the cells reached a density of 20%, medium from all the wells were aspirated with EL405 (BioTek instruments, Winooski, BT, USA). Reagents were added in 50 L medium in each well to reach a final assay concentration of Cas 3/7 (Essen Bioscience) 2.5 M, CD-3 (Affymetrix eBioscience, ThermoFisher Scientific) 83.3 ng/mL and human IL-2 (Peprotech) 10 ng/mL. Drugs and vehicle (DMSO) were transferred to an empty 96 well plate (Nunc) by Echo550 (Labcyte) to which PBMCs were added in 200 L medium. PBMCs (25 000 cells per well) and drugs were subsequently added to the reagent and A549 containing plate to a final volume of 150 L. The plates were once again placed in the IncuCyte for monitoring of red (A549 cells) and green (caspase positive cells) object counts.

Data analysis and statistics {#s3_7}
----------------------------

Data was analysed and plotted using GraphPad Prism7 (GraphPad Software Inc., San Diego, CA, USA). Data were processed using the built in Area Under the Curve (AUC) algorithm. Statistical analysis was performed using the paired Students t-test module in GraphPadPrism. The level of statistical significance was set at P \< 0.05.
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=========================================
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